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Unique compensation technique 
tames Wgh-bandwidth 
voltage-feedback op amps 



Michael Steffes, Burr-Brown Corp 



Peslgners seeking high slew 
rates and low noise for de- 
coupled pulse amplifiers 
often must turn to extreme- 
ly high-gain-bandwidth, 
nonunity-gain-stable, volt- 
age-feedback op amps. The 
lower internal compensa- 
tion capacitance, which 
|±v«i these op amps the 
nickname "decomp-ensat- 
ed," increases slew rate, and 
the higher input-stage trans- 
conductance, g_^, which 

pr&fltjces the ultrahigh gain bwidwlitli, dscraases input- 
voltage noise. 

Unfortunately, many designers have been burned trying 
to apply these touchy decompensated devices to low gains. 
Much of the popularity for the current-feedback topology 
comes from its superior slew rate and stability at low gains 
Compared with high-gain-bandwidth voltage-feedback 
designs. However, the high-frequency perforraaMce of a cur- 
rent-feedback op amp aiso comes with poor dc accuMCy and 
higher output noise. 

Op-amp designers suggest various forms of external com- 
pensaition to take advantage ot" the dc accuracy, low noise, 
and high slew rate of a decompensated VDltage-feedback op 
amp at low signal gains. Unfortunately, previously suggest- 
ed compensation schemes have many shortcomings. For 
example, some op amps provide access to the internal com- 
pensation node, but adding this dominant-pole compensa- 
tion directly reduces the slew rate. Common lead-lag com- 
pensation techniques produce pole-zero pairs in the 
closed-loop response, yielding deplorable pulse response 
and settling ctmracteristlcs. 

A new external compensaliofi method provides complete 
control over a simple, second-order lowpass response at low 
signal gains. This technique allows you to achieve a well-con- 
trolled frequency response at any inverting gain for any 
internally decompensated op amp. The full slew rate of the 
dectiiQpciisat^op amp is available at the output, along with 



You may think that there's nothing new in 
op-amp compensation techniques. Think 
in. A unique and previously overlooked 
od allows a decompensated voltage- 
feedback op amp to achieve low-gain 
n with high dc accuracy, high slew 
d low harmonic distortion. 



an output-noise voltage den- 
sity that Increases with fre- 
quency. This increased out- 
put noise stems from the 
necessary peaking in the 
noise gain to achieve a flat, 
closed-loop frequency re- 
sponse. Passive postfiltering 
can significantly reduce the 
effect of this noise. 

Using this external tech- 
nique with a high-quality, 
decompensated voltage- 
feedback op amp provides 
significantly better absolute dc accuracy than hi^-speed cur- 
rent-feedback alternatives. Comparable noise and slew rate 
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A simple but previously unexplored compensation circuit con- 
sists of and C,. The technique allows you to use a decom- 
pensated voltage-feedback op amp at low gains with the 
high-frequency benefits of a current-feedback op amp bM the 
dc accural^ of the voltage-feeiUiack pari. 
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and considerably lower harmonic distortion than equivalent 
current-feedback options are also possible. With some extra 
effort, you can also use this compensation to emulate the 
gain-bandwidth independence of a current-feedback op amp. 
Gain-bandwidth independence using a voltage-feedback op 
amp can be useful in inverting-summing applications for 
whicli you might need to adjust the summing weights dur- 
ing the design process or as part of the application. 

Once you understand the topology and derive the basic 
transfer function, you can predict the amplifier's perform- 
ance based on the desired signal gain and the amplifier's 
characteristics. Three design examples show how the com- 
pensation technique works to maximize the achievable flat 



bandwidth, implement a Slter, or produce a gain-b«nd- 
width-independent design (and why you woiiMwaH± that}. 

Analyze ttie compensation circuit 

The compensation technique simply consists of adding 
two compensation elements, C^. and C^, to the standard 
inverting op-amp configuration (Figure 1). Previous discus- 
sions of this circuit focused on using C,, to compensate for a 
parasitic C^. The following analysis shows you how to set 
both Cj and Cp to get a well-controlled, closed-loop, second- 
order lowpass frequency response at any signal gain for even 
the most unstable op amp. 

You can easily analyze this circuit using a single-pole, 



Second-order lowpass-response characteristics 



A good understanding of the second-order lowpass transfer 
function is important to understanding this compensation 
technique. Equation A shows the general form of the Laplace 
transfer function of a second-order lowpass response; 
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The characteristic frequency is the radial distance in the s- 
plane from the origin to the poles when they are complex- 
conjugate pairs. The units in Equation A normally give this 
frequency in radians; you can convert values to hertz by divid- 
ing by 2tt. The Q indicates how complex the poles are. The 
angle that the vector makes with the negative-real axis in the 
s-piane from the origin to the complex poles is given by 
cos ' (1 /2Q). Some key values for Q are 

• when Q<0.5, the poles are both real; 

• when Q=0.5, two repeated real poles occur at -w,; 

• when 0=0.577, the frequency response is a second-order 
Bessel with the best phase linearity; and 

• when Q=D.707, the frequency response is a secorid-order 
Butterworth with maximum flatness. 

At Q=0.707, the poles are at ±45° to the negative-real axis 
in the s-plane. The pu' e response for a Butterworth lowpass 
response shows about 4.3% overshoot. For Q>0.707, the fre- 
quency response begins to peak, extending the -3-dB band- 
width but also introdudng. additional Cfvershoot in the step 
response. 

Another Interesting point for Q is the geometric mean of 
the Bessel and Butterworth Qs. This point gives a Q=0.639, 
which is attractive because it gives the highest bandwidth (for 
a given w^) with less than 2% overshoot in the pulse response. 

You can describe the -3-dB bandwidth as a function of co^ 
and Q as follows: 
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Evaluating the radical portion of Equation B at several of 
the possible values of Q suggested above gives the ratio of tine 
-3-dB bandwidth to the characteristic frequency. 

For Q=0.577, F 3<,b=0.79F^. For Q=0.639, F 3^3=0.901=3. For 
Q=0.707, F_3,3=F„. 

Some other useful second-order lowpass-response equa- 
tions include 



which is the peak iiwSfm^ when Q>0.707; 



1 



GAIM^KING^2Qlogj 

which Is the amount of peaking when Q>0.707; 
PERCW OVERSHOC3T = ■!0b%|e-^(*^'l5] J, 



which is the percent ovenheot in the puilse response wh^ 
Q;>0,50; and 



-Q 



(Hz)«Fo~Q(Hz), 



wrfiiGh is the noise-power bandwidth when Q>0.5. 
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open-loop model for the op amp. Without and C^, a sin- 
gle-pole op-amp model would be inadequate because the 
higher order poles of a decompensated op amp wholly deter- 
mine the closed-loop response at low gains. However, you'll 
lOT that the design methodology justifies this single-pole 
simplification with the compensation elements in place. 

Besides being the only way this compensation will work, 
the inverting configuration offers several other benefits. 
With no common-mode voltage at the input, the inverting 
configuration for most op amps achieves higher slew rates, 
higher full-power bandwidth, and lower distortion. The 
trade-offs to getting these inverting-mode benefits are an 
input impedance set by R^, and a slightly higher dc noise gain 
for the noninverting input-voltage noise of the op amp. 

You can write the Laplace transfer function for the cifcuit 
el Hgute 1 in ,Sode«^alysis form as follows: 



Table 1— Op-amp specifications 



Typical specKicaitloni 


OPA627 


OPA637 


GBP (MHz) 


16 


80 


Mrnlmum stable gain 


1 


5 


Slew rate (V/psec) 


55 


135 


Input-voltage noise (nV/y/Hz) 


4.5 


4.5 


Input capacitance (C,,„,,,.„,,-h 

^common fYii.-i'fi^ (PO 


15 


T5 


Input-offset voltage (mV) 


0.1 

(low grade) 


0.28 
(tow gracte) 
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Figure 2 
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*ad tJhe single-pole op amp's open-loop gain Is 
A(s) = A2l£^, 

S + <»A 

The significant components of this transfer function are 
f . -Zp/R(,, which would bt the signal gain If th€ op amp 
were ideal (had infinite open-loop gain and bandwidth), 
1+Zj,/Z^, which is the noise-gain portion of the loop gain 
(and also equal to the gain fKna tiie iKrhlPvertlmi input 
to the output), and 
3 , A(s), which Is the open-ioop gain over frequmcy for th*e 
op amp. 

At dc, the denominator of Equation 1 is approximately 1, 
whereas the numerator is equal to -Rp/R^,, which is the 
desired low-frequency signal gain. For stability analysis, it is 
common to look at the corresponding Bode plot (Figure 2). 

The magnitude portion of the Bode 
plot compares the magnitude of the 
noise gain with the magnitude of the 
open-loop gain, which are the top and 
bottom fhefractibti In the dehbtn- 
Inator of Equation 1, respectively. At 
the frequency at which these two 
curves cross, which is loop-gain 
crossover, the loop gain drops to 1 
and, in a simple op-amp application, 
the closed-loop bandwidth rolls off. 
Because a pole also exists in the 
numerator of Equation 1, this simple 
analysis is not sufficient to deteimine 
the closecf-foop response. 

Normally, you would also need to 
consider the phase of the loop-gain 
terms. However, Equation 1 ultimate- 
ly reduces to a simple, secoad-order 



For the compensation-network de- 
sign, Bode analysis points out the 
unity-gain intersection of the sloping 
portion of the noise-gain curve (Z^), 
tfte pole set by the feedbadt-compen' 
sation networl( (P,), the low-frequen- 
cy noise gain (C,), and the noise gain 
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lowpass transrei function, and you proceed with the design 
by conliolling the and Q of that transfer function. The 
p^nitude portion of the Bode analysis provides insight into 
whst Is happening in the design, but you don't use the mag- 
nitude information to set and C^. You can disregard the 
phase plot for now with the assumption that loop-gain 
crossover will occur at a noise gain high enough for you to 
lafciy Ignoie the higher order poles of A(s). 

Substitutuig the two impedances, Z, and Z^, and the op 
imp'iopen-loop^gain expression A|s>mto Equation 1 yields 
1 1 



V, 
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3 + 
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Rcariai L^jng rhis equation to produce a pole-zero expression 
fur the noise-gain terms in the denominator yields 



1 



1 



1 

■RfCf 



(Rf(IRg)C5+Cf 



1 



(6) 



The terms in the denominator make up the loop-gain por- 
tion of this transfer function, The op amp's open-loop gain 
has a high dc value of A^^ and a dominant pole at w ^. The 
noise gain has a dc gain of l+Rj/R^., a low-frequency zero, 
and a high-frequency pole to flatten the noise gain to 
1+C^/C|; at higher frequencies. The complete Bode plot (Fig- 
ure 2) shows the gain-magnitude portion for this loop gain 
along with a nurrlber of key frequencies that are critical to 
tlie design. 

The key frequencies (in hertz) are GBP, Z^,, and P,. GBP is 
simply the gain-bandwidth product of the selected op amp 
(GBP=A,., w,y2!7 Hz). Z^, which equals l/iZTrR^iC^+C^)), is the 
unity-gam (0-dB) intersection of the sloping portion of the 
noise-gain curve. The actual zero in the noise gain occurs at 
GjZy=Z,. G, and G^ are the low-frequency and high-fre- 
quency noise gains, respectively. 

P,, the feedback-network pole, is equal to l/(2-rTRjC,). This 
pole and are the two things you can adjust to control the 
ctosed-loop frequency respoiise. P, is also equal to Z„G,, 
which is simply Zj, times the high-frequency noise gain set 
by the capacitor ratios. 

Another point of interest from Figure 2 is where the pro- 
tection of the sloping portion of the noise-gain curve inter- 
sects the open-loop-gain curve at the geometric mean of Z^, 
and GBP. This point turns out to be the characteristic fre- 
quency, Fq, of the closed-loop second-order response (see 
box, "Secoiid-Otdet iijMfp«*^i«fp©ns€ characteriitic^"). 



Table 2—OPA637 gain of -2 example 



Design features 


Values 


Notes 


T,irge( Q 


0.64 


See box 


Target 


7.5 


1 .5 times the minifnum 
stable gairi 


Computed 


kj.yj iVInZ 


From £i^u3tli£^n 1 3 


Resulting Z, 


2.77 MHz 




Resulting P, 


6.93 MHz 




Resulting F,, 


8.6 MHz 




Resulting F.,,, 


7.74 MHz 


If 0=0.64 


Selected 


2 kit 




Required R,. 


i kl ! 




Required 


11.5 pF 


From Equation 15 


Required 


75 pf 





Figure 3 
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TOUflE DOES NCff «HOW aWPLY DECOUPUHQ. 



Once you ccHnptete the design of a maximum-bandwidtb 
amplifier with a gain of -2 using compensation, you have to 
slightly modify capacitor values to account for parasitics. A 
of 11.3 pF and a of 60 pF are 0.2 and 15 pF less than the 
des^ v&tves, r^pecthr*^ 

Wfren you set to less than this geometric mean, the noise 
gain crosses the open-loop response at a gain equal to G,. 
The noise gain crosses the open-loop response at , which 
would equal the closed-loop bandwidth for a unity-gain-sta- 
ble op amp c^f the same GBP operating at a noninverting 
noise gain of G^. 

One of the key assumptions in this analysis is that you 
control G, so that it's greater than the specified minimum 
stable gain for the op amp. Crossover at this high noise gain 
Is the reason you can use a nonunity-gain-stable op amp at 
a low signal gain of -Rp/R^,. There is, however, little consis- 
tency among op-amp manufacturers on the definition of 
minimum stable gain. Some manufacturers use a typical 
phase-margin target, others target a maximum peaking, and 
still others actually specify a gain that causes oscillation in 
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the closed-loop response. Generally, most data sheets show 
a recommended minimum gam that does not cause oscilla- 
tion. The goal in this design is for the noise gain to cross over 
the open-loop response at a noise gain, G^, high enough for 
you to safely ignore the higher order poles of A(s). If the min- 
imum stable gain on the data sheet is really a ra^inimum 
operating suggestion, it should be safe to target CTOssover at 
1.5 times that gain. This guard band is, however, an estimate 
and varies from part to part and from manufacturer to man- 
ufacturer. Using the macromodels that most mainufacturers 
pro^de allows you to fine-tune this target. 

You can extensively use the frequencies and gains in the 
Bode plot to gain insight into the algebraic solution for the 
closed-loop, second-order transfer function. Because the 
design seekis clings tor the compensation elements (Cp and 
Cj), the following methodology uses radian frequency units. 
Converting those units to the hertz shown in Figure 2 sim- 
ply requires a division by 2-tt. 

Expanding the transfer hinction of Equation 6 into nor- 
mal moniC form (writing a polynomial from highest order 
to lowest order vn%ti a coeffident of 1 for the liighst Older 
term) yields 



Vq (Cp + C,)Rc, 



(On 2 



(7) 



(8) 



Table 3—Lowpass-filter design 







Component values 


Design targets 


Resulting design 


(R =2 kO) 


(«„=5 MMz 


Z„=312 kHz 


Rc=1 kO 


Q=2 


G,=51.2 


C,=5 pF 


G,=3 ' 1 


P,=16 MHz 


Cs=249 pF 



and 



(9) 



(c,+Cs; 



1 



(RfIIRg)(Cp+Cs 



Although seeing that this full transfer function ends up as 
a secOFKl-order lowpass response is encouraging, the indi- 
vidual terms still look a little intractable. With a bit of 
manipulation and judicious stmpiifications, you can devel- 
op simple expressions for »g and Q that show a clear path to 
a design methodology. 

Specifically, you can simplify the terms jnsld€ the radical 
for by recognizing that A^, is much greater than l-t-Rp/R^^.. 
Dropping the l-nRp/R^, of that term, recognizing that 
Ama)^=GBP and that l/(C,;+Cj)R^.=Z;j (in Figure 2), and sim- 
plifying the expression for Q in the denominator yields the 
followlrig equation, wh«e Gj^l+C^/C^ and G ^t+R/R^: 



«o = V2oGBP=2;rFo, 



(10) 



— I — I — I — 1— 

F_3<jB=9.8 MHz 




TJie small-sigiial frequ«icy response (a) of the maximum-bandwidth design shows a remarkably flat response for an of> anift 
thrt is netinleafled fl»r<iise at low gains. The response alio fndudes slightly more peaking than expected, which hitrodlices 
S8«ieov«iM»boM^riiigtagiMotllepuill«^n - 
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GBP 



11 to solve foi Zg. The following equation shows 11 le solu- 

tjOh. u i-qimkMtic equation that yon mu»t soive to-istZ^ 

GBP 



Zq' -ZqGBP 



J 2_1 

.G.)2 G,gJ" 



GiGg 



0. (12) 



Referring back to the Bode plot of Figure 2, these simple 
equations indicate that the closed-loop, second-order 
response has a characteiistic frequency, Wp, that is the geo- 
metric snean of Zg and the amplifier's GBP. Also, the ratio of 
that characteristic frequency to the sum of the high-fre- 
quency, loop-gain crossover frequency (F,.) and the zero fre- 
quency in the noise gain (Z,) sets the value of Q. If you've 
aLready selected the amplifier and the required signal gain 
<G -ISIGNAL GAINI+1), you need only set Z^ and {m, 
equivalently, G^), to implement the compensation. 

Design for maximum bandwidth 

VlrtiMlly all the elements that determine the Q erf the 
closed-loop response in Equation 11 are known. The system 
designer determines the amplifier's GBP and the desired low- 
frequency noise gain. Once you select a target Q, you need 
only set and G^. The key simplification to this analysis is 
to judidousiy target a G^ that Is greater than the speclflEd 
minimum stable gain for the selected op amp so that you can 
continue to neglect the added phase shift that the high-fre- 
quency, open-loop poles introduce. To get as much band- 
width as possible, set the target G^ very close to the minimum 
Stable ^n. As fa^^ouslf suggested, ttie following design 
examples use a factor of 1.5 times the minimum stable gain. 
With Gj somewhat arbitrarily set, you can then use Equation 



An exact solution for is 



^ GBP 



2 [_(Q.G,f G.Gj 



1- 1-- 



I Iq2 g, 



(1^ 



Howewr, wlwn iGy/G,)>6CP, a good appccfuflrentton ts 

GBP»Q* 



G^p.-fQ^,]" 



(14) 



After selecting G, and G^ and determining Z^, you can 
implicitly determine P, : P,=G,Zg. Then, you can combine the 
equations for Z^ and G^ in Figure 2 to solve for C,, and C^: 



and 



(15) 



{16} 



Figure 5 



15V 




(a) 



(b) 




Applying the compensation teclinique to acliieve gain-bandwidth independence allows you to use the voltage-feedback op 
amp for an adjustable-gain, const^Msiwiiwidtfi ttrcuit (a). Adjusting the pun from -1 to -7 ^creases the bandwvldth by entjr 
21%, from 6.1 to 4.8 IMHz (b). 
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Note that with a target Q of 0.707, you can substitute 
Equation 13 into Equation 10 to show the maximum 
achievable F^^ which is approximately equal to F^^ given 
the following ifectors: a given op amp's GBP, the G, that cor- 
responds to the desired signal gain, and the high-frequency 
gain, G^, necessary for stability. The resulting equation 
shows the maximum achievable Sat femdwidth usijil| tiiis 
compensation technique: 



GBP 



'^O(MAX) 



-3dB- 



(17) 



Maximize the bandwidth of a real design 

One of the greatest attractions of this compensation tech- 
nique is that it allows you to successfully apply a nonunity- 
gain-stable, voltage-feedback op amp at low sigaal gains and 
simultaneously retain the futl slew rate and dc accuracy of 
the part. Table 1 summarizes the key specifications for a pair 
of good voltage-feedback op amps. The OPA627 from Burr- 
Brown Corp is unity-gain-stable; the OPA637 is the compa- 
ny's decompensated version and has a recomniended mini- 
mum gain of 5. In this case, the input-voltage noise of the 
decompensated OPA637 is no lower than that of the 
OPA627, but the slew rate (and high-frequency open-loop 
gain) of the OPA637 is markedly higher than that of the 
OPA627. You can compare the OPA627 performance to the 
performance of the OPA637 in a complete design that uses 
the compensation technique. 

Table 2 summarizes a gain of -2 (G,=3) design target for 
the OPA637, the resulting key frequencies in the Bode analy- 
$is. of Figure 2, and the component values necessary to set 
up this compensation. The selected feedback-resistor value 
is the result of a compromise between high input impedance 
(R^=R|,/(G|-1)) and keeping the compensation capacitors 
gjaater than the parasitic values on those nodes. 

To implement this circuit for testing, you must also con- 
sider the components' parasitic capacitances and test-inter- 
face requirements. To include the effect of parasitics, the 
actual test-circuit design (Figure 3) reduces the value of Cj. 
by 0.2 pf and that of &y tht 15-pP pflrasilk at the input 



Table 4 — GAlN-BANDWIDTH-INDEPENOmSlT DESIGN 



Design 
targets 


Resulting 
design 


Predicted Q and F vs gain 










Q 


F_,,,(MHz) 


F,=5 MHz 

ii 


Z,=312kHz 


2 


-1 


0.776 


5.59 


Noniinat G.=4 


G-,=1 3.74 


3 


-2 


0.74 


5.31 


Nominal Q=0.707 


P,=4,3 MHz 


4 


-3 


0.707 


5 


5 




0.677 


4.64 


6 


-5 


0.65 


4.24 


7 


-6 


0.624 


3.75 


8 


-7 


0.601 


3.16 



of the OPA637. The test circuit also includes 5011 impedance- 
matching resistors at the input and output to match the 
assumed test-equipment source and load impedances of 
5011. 

Adding the input-matching resistor slightly changes Gj 
from 3.0 to 2.95. This change has no effect on F„ and very 
little effect on Q because the G,Zg portion of Equation 11 is 
small relative to GBP/G^. The test circuit also shows a bias- 
cwrrent-cancellation resistor from the noninverting input to 
ground. This resistor is equal to the parallel value of R,- and 
to improve the output dc offset that results from bias cur- 
rents. With this resistor match in place, the output dc error 
that results from input bias currents is simply the input-off- 
set current times the feedback-resistor value. A large capaci- 
tor shunts this noninverting-input resistor to roll off the 
noise terms that might arise from the resistor's Johnson 
noise and bias-current noise. These two components on the 
noninverting input are unnecessary for the FET-input 
OPA637 because its bias, offset, and noise-current terms are 
infinitesimal relative to the voltage offset and noise terms. 
The test circuit in Figure 3 includes these components for 
general application. 

The test circuit's fiequcncy response (Figure 4a) is reraarlc- 
ably flat for a gaio-of-S -stable op amp operating at a noise 
gain of 3 (a signal gain of -2). The frequency response does 
show slight peaking, which indicates that the Q of the actu- 
al circuit is slightly greater than 0.707 instead of the target 
value of 0.64. This difference in Q slightly extends the band- 
width from a target of 7.7 to 9.8 MHz and introduces some 
overshoot and ringing into the pulse response (Figure 4b). 
Apparently, either the target G^ was too close to the mini- 
mum stable gain to exclude the effects of the higher order 
poles or the parasitic capacitances are different from the esti- 
mate. You can obtain a closer match between predicted and 
measured results at higher values of G^. 

You can compare this inverting compensation for the 
OPA637 to a maximum-bandwidth design using the unity- 
gain-stable OPA627 at a gain of 2. The inverting compensa- 
tion with the OPA637 produces a slightly higher bandwidth 
of 9.8 MHz vs the 8 MHz of the OPA627. However, because 
of the slew-rate difference, the OPA627 is slew-limited for 
output Sti^S greater than 2.4V, whereas the OPA637 can sup- 
port nonslew-Umited steps as high as 
4.2V at the output. If this 4V were the 
input range of an ADC, the nonslew- 
limited pulse response that the OPA637 
provides would settle to a final value 
more quickly than that of the OPA627. 

For exampie, this compensation of 
the OPA637 provides a low-gain ADC 
buffer with excellent settling time for 
large output steps. When driving a 
4V^ p input-range, 10-bit ADC, the cir- 
cuit has an absofute dc accuracy (wWi 
no trims) and peak-to-peak output 
noise that doesn't exceed V4LSB. The 
worst-case output dc error is 0.75 mV, 
md, the worst-case output peak-to-peak 
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noise is 0.9 mV. The setting time to '/^ISB is 33 nsec. 

The improvement in performance between unity-gain- 
stable and decompensated versions of the same op amp is 
even more significant if you use parts that have a wider dif- 
ference in their minimum stable gains. 

Predict the output noise 

Any compensation technique that shapes the noise gain 
of a nonunity-gain-stable op amp produces higher output 
noise as the frequency increases. This CQmpens:ation tech- 
flfqtie mcreases tfie gain for nontnwrttrig Inptit-voltage 
noise of the op amp, as the noise-gain portion of Figure 2's 
Bode plot shows. In most cases, the op amp's noninverting 
input-voltage noise dominates the total output noise for the 
circuit of Figure 1. Referring to the Bode plot, this input- 
volterge noise hai a gahi that starts at Gj, has a zero at Z, equal 
to G,Zg, and finally has second-order poles that are identical 
to those you set in the inverting-compensation design. The 
transfer function for either the noise or a signal applied to 
the noninverting input (V+) of Figure 1 is 



Vo _ GBP (s + GiZq) 



2 Oin 



Q 



(R&f er to Equations 8 and 9 ioT the terms that you can place 
in this equation.) 

One approach to describing the output noise is to com- 
pute an equivalent noise-power bandwidth (NPB) that, 
when you multiply it by a constant output-noise-power 
valtte, gives Vhe %ame total ihtegrated noise power as the 
actual frequency response. If you arbitrarily use the output 
noise due to the noninverting input-voltage noise amplified 
by Gj, which is the low-frequency output noise due to the 
noninverting input-voltage noise, as the constant noise 
wWw, you can cllnilatB €Ji equlvaleTit NPB as 



Is approximately equal to the single-pole bandwidth that 
results if you simply operate the amplifier at G, (a bandwidth 
equal to GBP/Gj) times the r atio of that bandwidth to the 
characteristic frequency (F^=^i2^GBP) of the actual Second- 
order closed-loop response. 

• fo me thfsctfolfatFd WB, multiply the op amp's nonin- 
verting input- voltage noise by G, to compute the low-fre- 
quency spot noise at the output. Then, multiply that result 
by the square root of Equation 20 to get the integrated noise 
(''^oc»MsP- Performing these computations for the deaign 
extmpte of jBgiaie 3, whidi Ms a Qj^.7D7, glv^s 



Eo(Rws)=(4.5 nV/^)3 



_3?r_f80 j MHz 
4V2I3J 8.6 



1/2 



(21) 



= (13.5 nV/VH^j^/l37 MHz ^ i58 ikV^s- 

This analysis shows the significant increase in output- 
voltage noise due to the inaeased noise gain to Gj by assum- 
tng a constaTit output noise and computlrig the required 
NPB to get the same integrated noise power as the actual out- 
put noise over frequency. Evaluating this integral for the 
NPB is based on the assumption that the op amp's frequen- 
cy response of Equation 18 sell-limits the output noise. 

Another way to Took at ffris noise is to compute the equiv- 
alent input-voltage noise that integrates to the same power 
over a simple lowpass Butterworth bandwidth. This 
approach allows an easy comparison between this technique 
and other approaches for getting a desired frequency 
response. The NPB of a simple, second-order Butterworth 
response equals 1.11Fq=1.11F 3 ^^j, when Q=0.707 (see box). 
You can set up an equality to define the equivalent input- 
spot noise (E^,) that will integrate over an NPB set by 1.11 F^ 
to the same totaJ output-noise power as the actual response 
as follows: 



NPB 



GBPV^G,Zo^)dGJ 
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(19) 



This noise is the square of Equation 18's gain magnitude 
integrated from a frequency of to infinity, then divided by 
the low-frequency noise gain squared (G,^). This integral 
simpliiies considerably, and you can solve it in closed form 
when you target a Q of 0.707. The middle term in the 
denominator of Equation 19 drops out, which allows you 
to use integral-table solutions for forms including l/(x''+c'*). 
Using the terms defined in Figure 2 and assuming a Q af 
apprtminately 0.707 gives an equivalent NPB of 



NPB: 



37r I GBP r 1 
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(20) 



•rate fast tefpn this eqwttcwi is f eneraHy much less thin 
tj wA you cart i|tt«f<t^4t.'1Ms «tii«liQB. statu ■tilMrt.-tteHPi 



V 4V2 Fo 

where Ej^ is the input-voltage noise of the op amp. The solu- 
tion for is 



1.5. 



GBP/G, 



(23) 



This equation states that the increase in the equivalent 
input-referred spot-noise voltage is proportional to the 
square root of the ratio of GBP/G, toZ,. Evaluating this equa- 
tion for the design example in Figure 3 yields an equivalent 
input-noise voltage of 17.1 nV/VHz. Multiplying this result 
by the low-frequency noise gain, G,, and then by the square 
root of l.llF,^ (Table 2) gives the integrated noise. This cal- 
culation gives the sfflie 158 nV of intepated noise as Equa- 
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Introducing Siemens optical DAA. 

Because you never know 
what might come through 
the phone lines. 



Features C 


>AA2000 


DAA2100 
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Control 
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Vcdtaae/fetfuefic-i/ 
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\.Vake on Ring 
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/ 


Thermal Protection 







The opto solution that shrinks 
interface/isolation problems. 

Today's increasing modem 
spescfe and decraasing ctevlce 
sizes can make the traditional 
transformer and circuitry solution 
seem like an unwieldy monster 
Now the leader in optocoupler 
technology breaks through the 
transformer barrier with the new 
DAA2QP(>«E«t DAifi^lOO. 

Smaller sbe. Gi^f^ ea^bUity. 

The Siemens DAA2000 is ideal 
for applications in PC nnodenfi 
cards with muttrmedia capabili- 
ties and extremely tight real 
estate requirements. The 



solution for internal and stand- 
modeniis wtiere space is 

Irowi issue. The DAA2000 
utilizes two 24-pin TSSOPs, 
while the 2100 uses two 24-pjn 
SOICs. And both kits include 
two 8-pin Slimline IL388 linear 
optocouplers, with specifica- 
tions to easily assemble the 
DAA function directly onto the 

" mother boanl. 

Special features tame distor- 
tion and power management. 

The DAA2000 and DAA2100 
are all-analog solutions, operating 
down to 2.7 V on the modem 
side, with distortion numbers flat 
across the whoJe to/id. f\n6 bottl 

incfude bui'lti'n ring detect and 



hook-switch control. In addition, 
the DAA2000 offers extra features 
suet* as snoop mode and butit-in 
overcurrent/thermaf limiting. 
So whether you have a tight 
space or a tight budget, with 
Siemens DAA2000 and DAA2100 
you'll find a perfect fit. 

See how our DAA optical 
solutions can help you avert 
disastrous line problems — and 
create designs that af© 
a gargantuan success. 



Call Siemens for a 
free interactive demo 
diskette and literature kit. 
Ask for Lit Padt #IVI24A002. 
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